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Abstract

Unoriented phase II films were poled with fields up to
3.2 MV/cm at room temperature. A determination of the piezo-
electric strain coefficient provided a measure of the residual
polarization achieved, while an x-ray diffraction study provided
information about field-induced phase changes which appeared
to be related directly to the residual polarization. In an un-

oriented film, crystals make all possible orientation with re- !

spect to the poling field and different polarization mechanisms

appear to depend on the crystal orientation. A number of dif-

ferent polarization mechanisms are discussed. A new crystal

form for poly (vinylidene fluoride) (PVFZ) was observed. f
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Introduction

(]), the effect of the poling field magnitude on crystal

In an earlier study
structure, and the accompanying changes in the piezoelectric stress and strain co-
efficients e and d31 were reported for biaxially oriented poly(vinylidene fluoride)
(PVFZ) films, with an initial phase II (or non-polar) crystal form. Films were
poled at room temperature with fields up to 4.0 MV/cm and measurements of d3] and
3 provided a measure of the residual polarization. X-ray diffraction scans of the
poled films, both in reflection and transmission mode, provided evidence for crystal
structure changes occurring under field. Four distinct regions of response were ob-
served; (a) At low fields (Ep < 0.6 MV/cm) only small piezoelectric stress and strain
coefficients were measured, and very little change in the x-ray diffraction scans
was observed. (b) Above a certain thresh-hold value (Ep > ~0.6 MV/cm) and below a
saturation value (Ep < ~2.0 MV/cm) both e and d31 increased approximately linearly
with poling field. Changes in the x-ray scans (decrease to zero of the phase II (100)
intensity and a slight increase in the (200) intensity) indicated that a change in
crystal structure occurred in this region. The new crystal structure is now termed
phase IV.(Z) (c) For fields above ~2.0 MV/cm and below ~3.6 MV/cm no further in-
crease in d31 or e;y was produced and no further changes in the x-ray patterns were

observed. (d) For the very highest field attainable, E_ = 4.0 MV/cm, a further rise

p
in the value of €4, Was observed. X-ray diffraction showed that a second phase
transition to phase I had occurred at these highest fields and was responsible for
this final increase in residual polarization.

In conclusion, this study showed a series of phase transitions occurring under
field, phase II - phase IV » phase I, giving rise to field-dependent residual polari-
zations in the biaxially oriented films. It is well known that if oriented phase I
films are poled, a ferroelectric switching of polar crystals gives rise to a high

residual polarization, which is manifested in high piezoelectric and pyroelectric




3.
coefficients in the poled fi]ms.(3) Our study(]) showed definitively that alterna-
tive polarization mechanisms exist (by means of phase transitions) and showed a one
to one correlation »f the crystal structure changes with the development of residual
polarization. Although phase transitions in PVF2 in various environments have been

(4,5)

reported, at high pressures, under tensionfs) in films cast from different sol-

(7.,8)

vents, etc., our study provided conclusive evidence that transitions from non-
polar to polar crystal structures can provide mechanisms giving rise to a residual
polarization in the films. In fact, the final values obtained for the piezoelectric
coefficients in the poled oriented phase II films were quite large, d3] - 7 pc/Nt,
e5 - 20 C/m’.

In this earlier study(]) we also included some preliminary data, which showed
phase transitions occurring under field for unoriented phase II PVF2 films, It is
particularly interesting to investigate unoriented films, since in this case the

crystallites are disposed at widely different orientations with respect to the applied

field direction. Here, we present our complete results for the unoriented films. In

addition to the x-ray diffraction scans, and measurements of the piezoelectric strain

constant eg1> 33 2 function of poling field, a series of x-ray photographs were

taken at different orientations with respect to the films to observe the response of

crystallites at different angles with respect to the applied field. Similar x-ray ‘

photographs of the poled oriented films were taken for comparison. Measurements of

the piezoelectric response were also made, since it is those crystal transformations

which contribute to the polarization mechanism in which we are most interested.
Finally, it should be noted that, in the presence of extremely high electric

fields, near the dielectric strength of the polymer, polar structures with dipole

orientation in the field direction have lower free energies, and it is quite likely

that these unusual conditions will predispose crystal transitions to the new struc-

tures, which perhaps cannot be produced in any other :say.




Experimental '
Unoriented films were prepared by melting and crystallizing the oriented i

capacitor-grade 25u thick films from Kureha Chemical Corp. To ensure complete :

melting, the polymer was heated to 230°C for ten minutes under a pressure of 1500

p.s.i. in a hot press. Crystallization at 130°C, followed by annealing at 120°C 1

was found to eliminate both a preferred molecular orientation and any phase I content.
The films were poled under high vacuum at room temperature with fields up to

3.2 MV/cm using a highly conducting silver paste as electrodes (whichwould be wiped

off easily afterwards). The poling time was one hour. A thin layer of aluminum
was then evaporated on the films to provide electrodes for the electrical measure-
ments. The piezoelectric strain coefficients es and the dielectric constant
were then measured at 3 HZ for films poled at various fields using the Toyo Seiki
Piezotron.

X-ray diffraction scans in reflection and transmission modes were taken using
a Phillips wide angle diffractometer and CuKa radiation. X-ray patterns were also
recorded on flat film, taken with the incident x-ray beam perpendicular to and

parailel to the plane of the poled films.




Results

The values obtained for €3 for the unoriented films as a function of poling
field are shown plotted in Figure 1. The values obtained for €3 for the oriented
films as a function of poling field are shown in Figure 2 for purposes of comparison.
Both in-phase and out of phase components are included. A general similarity of
behavior can be seen. Four regions of response were obtained for both oriented and
unoriented films; at low fields (Ep < 0.6 MV/cm) only very low values of eq, were
obtained; at higher fields (0.6 < Ep < 2.0 Mv/cm) €3 increases linearly with field;
a small plateau region, suggestive of the saturation of some polarization mechanism
is observed at still higher fields (2.0 MV/cm < Ep < 2.8 MV/cm); at the highest field

(Ep = 3.2 MV/cm) a rise in e indicates the onset of some other polarization

mechanism.

The principal difference in the behayior 0f the two films is that the plateau
region for the unoriented films is not as marked as for the oriented films, suggesting
that a new polarization mechanism takes place at lower fields for the unoriented films.
Following the highest poling field at 3.2 x 10° V/cm, the piezoelectric activity in
the unoriented films is as large as the value obtained for the oriented films poled
at the same field. In fact, the increase of polarization with field is very high at
; those fields and it appears as if even higher values would have been obtained for
unoriented films than for the oriented films had dielectric breakdown not intervened.

The dielectric constant showed systematic changes with poling field, the

dielectric constant e' and dielectric loss €" both decreasing with increasing fields.

These results are shown in Figure 3. P

X-ray diffraction scans for the poled unoriented films in reflection and trans-

mission modes are shown in Figures 4 and 5.

Figures 6, 7, and 8 are flat film x-ray photographs taken with the x-ray incident

beam parallel to the plane of the poled film. Figure 6(a), from the unpoled film,
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shows the complete Debye-Scherrer rings characteristic of the unoriented films.
Figure 6(b) is a schematic diagram showing the indexed reflections. Figures 7(a)
and 8(a) are the diffraction patterns corresponding to films poled at 2.4 MV/cm and
3.2 MV/cm, while Figures 7{b) and 8(b) show important reflections indexed on
schematic diagrams. Figure 9 shows a flat film photograph of a film poled at

2.4 MV/cm taken with the incident x-ray beam perpendicular to the poled film.

For the purposes of comparsion, x-ray photographs of poled biaxially oriented
phase II PVF2 films were taken. Figure 10 corresponds to the unpoled oriented film
taken with the incident x-ray beam in the piane of the film. Figures 11 and 12
correspond to films poled at 2.4 MV/cm and 4.0 MV/cm respectively with the same
geometry. Figures 13 and 14 show the diffraction scars of the poled oriented films
taken in reflection and transmission mode respectively.

In comparing the photographs with the diffraction scans it should be noted that
for the latter the crystals contributing to a given (hkl) reflection have a unique
orientation; for the reflection mode the (hk1) direction of the set of crystals must
be perpendicular to the film; for the transmission mode the (hkl) direction of the
contributing set of crystals must be in the plane of the film. It is important to
remember that each reflection originates from different sets of c¢rystals making
different angles with respect to the applied poling field. For the x-ray photographs,
with the exception of Figure 9, the incident beam is parallel to the plane of the
film. The meridianal position is approximately the same as the reflection scan,
except that since the film is not rotated, the crystals are rotated by the Bragg
angle 9 from the crystals observed in the reflection scan (for most reflections

9 < 18°).

The interpretation of our results is complicated by the same problem that other

workers have encountered, namely, the coexistence of different, but closely related

crystal forms for PVFZ.




7.
Four different crystal forms have been reported for PVF2 and their unit cell

parameters and space groups are shown in Table 1.(6’9’]0’3’1])

Phases II, III and
IV have very similar unit cells and most reflections from phases III and IV also
occur in Phase Il at almost the same Bragg angle. As shown in Table 1, the a-and-b
parameters reported for all three forms are very similar. For the case of phase III,
the c-parameter is approximately double the c-parameters for phases Il and IV, so
that reflections from form III with the indices (h k £ = 2n) will occur at nearly
the same Bragg angle as reflections with indices (hk& = n) from phases II and IV.
For example, the calculated (022) d-spacing in form III is 3.33A, and the calculated
(021) spacings in forms Il and IV are also both 3.33A. Form III has only two re-
flections (111) and (021) of the type (hkg), where ¢ is odd, which do not overlap
with phase II and IV reflections. The structure determination for phase III was
made using an oriented sample of extremely high molecular weight, synthesized by a
bulk polymerization initiated by s°C° y-radiation.

In the crystal structure ana]ysis,(lo)

the presence of phase I, with reflections
that also overlapped with phase III reflections (but not phases II or V), was
corrected for. However, the molecular conformation of phase III is reportedly
completely different (T3GT3G') from that of phases II and IV (TGTG'). The chains
are reported to pack in a statistical parallel-antiparallel manner to give a polar
structure.

The difference between phases III and IV is even more subtle. To date, phase
IV has only been obtained by the poling of phase II films. It has almost the same
unit cell dimensions, and has the same molecular conformation as phase II. A
statistical parallel-antiparaliel packing having a polar structure was reported,
(phase Il is non-polar). The observed differences between phases Il and IV are

the electrical properties and the intensities of some reflections.

Five polarization mechanisms for PVF2 have been already reported.
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The most well known is the ferroelectric switching by 180° chain rotations (or 60°
rotations) for oriented phase I crystals, with the molecular chains perpendicular
to the applied fie]d!]3) A second polarization mechanism proposed is the phase II
to phase IV transition for oriented phase Il crystals with the molecular chains

perpendicular to the applied fie]df]’ls)

A third polarization mechanism is the
ferroelectric switching by 180° chain rotations observed for oriented phase IV
crystals with the molecular chains perpendicular to the applied fie]d.(17) A fourth

mechanism was reported to operate at very high poling fields and long poling times.(18)

A fifth mechanism involves a transition to phase Iﬂ]’]g)
Polarization mechanisms in PVF2 fall intoat ieast two important categories:
ferroelectric switching in polar phases;and crystal transition from non-polar to polar
structures under field. In this study of phase II PVF2 we are considering the latter
type of phenomenon. In all previous studies, oriented films were used and so only the

orientation of the dipole moment component perpendicular to the molecular chains in
the transformed polar phase is expected to be important. We have seen that for the
unoriented films, polarizations can be achieved that are as high as that found for the
oriented films and this suggests that other polarization mechanisms can operate in
which the dipole moment component along the chain is important.

In Phases II, III and IV the molecular conformations have a large dipole moment
component along the chain. However, in all three structures a parallel-antiparallel
packing results in a cancellation of polarity in the chain direction. This raises
the question as to whether other structures with an all-parallel packing exist. These
structures would have a dipole moment in the chain direction, and a net polarization
of crystals with molecular axes aligned in the field direction or at small angles to
the field could be achieved. These crystal structures would be expected to have unit
ceTl dimensions very similar to those of phases II, III and IV.

(9)

For the case of phase II, in the initial crystal structure determination it was

found that the reliability indices for the two possible packings (parallel-antiparallel




10.
or all parallel) were almost identical. For the case of phase III, an all-parallel
Structure was found to give quite a low residual (R ~ .18)(10). The model was rejected
on the basis that several unobserved reflections were calculated to have quite large
structure factors. For both phase II and phase III structure determinations, the
work was carried out on unpoled films. For phase [V, the specimens were poled since
this is the only method of producing this crystal structure at the present time. A
statistical parallel-antiparallel packing was again found to give the lowest residual.
However, it should be noted that in this case the films were oriented before poling
so that the chains were perpendicular to the applied field, in which case an all-
parallel packing would not be expected.

From these considerations, we may speculate that a number of other crystal forms
for PVF2 may be possible, which, however, would only be produced by the action of a
very high electric field in the appropriate direction. Crystal structures similar to
phases II, III or 1V, but with an all-parallel packing would give a large remnant
polarization in the chain directions. We will refer to those possible structures as
parallel phase II, parallel phase IIIor parallel phase IV. Other structures may also
be possible. In this respect, work with films of random orientation is very important
since the applied field is at all possible orientations with respect to crystal
directions. In this circumstance, phase transition to new crystal forms would be
expected.

Certain principles will govern the crystal-transitions induced by field. The
direction of the molecular chains would not be expected to change. The transition to
a polar structure with the maximum dipole moment component in the field direction is
expected. Some transitions may appear to take place by rigid body rotations (about
the chain axis) or end to end to change from anti-parallel to parallel. It is assumed
that a series of conformational changes (perhaps by the propagation of some defect as
suggested by Lovinger(zo)) can accomplish this. There may be some lattice relation

between the initial and transformed crystals.

-
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Discussion of the X-ray Results

Following the application of the highest poling field (3.2 MV/cm) for the
unoriented films, the most intense (110) (020) reflection for phase I is seen as
a shoulder on the phase II (110) peak in Figure 4. It is not seen in the diffraction
scan taken in transmission (Figure 5). It can be seen in Figure 8 as a shoulder on
the (110) phase II reflection, but arced in the meridianal position. The phase I
produced at the highest fields is clearly oriented. A transformation to oriented
phase I is also observed from Figures 11, 12, 13 and 14 for the oriented films.

A strong new reflection appears following poling at 2.4 MV/cm (for the unoriented films
but not for the oriented films) which can be seen in the reflection scan shown in
Figure 4 with a Bragg angle of 23.7°. It is not seen in the transmission scan in
Figure 5, and it is seen as an arc around the meridian in Figure 7. This reflection
cannot be indexed ysing the published structures of phases I, II, III or IV. This
implies that either one of the previous structure determinations is incorrect or,

more likely, that under these poling conditions, we have produced a new phase of PVFZ,
which, following the recently established nomenclature, should be labelled phase V.

We will make the latter assumption. Figure 7 clearly shows that phase V has a pre-
ferred orientation.

Bearing in mind our previous discussion, it should be obvious that phase V may
correspond to a phase II, III or IV type structure except that it now has an all-
parallel packing and a net dipole moment in the chain direction. It is quite pos-
sible that this change of symmetry may bring about a large enough change in Tattice
parameters to give rise to an intense reflection at this new Bragg angle. Further-
more, this reflection is not seen in the diffraction scans of the oriented samples
(Figures 11 and 13), when the molecular chains are perpendicular to the applied field.

Initially, the phase II crystallites are unoriented, as it is clear from Figure
6; all crystal orientations with respect to the applied field are equally likely. If

crystals with a particular orientation (defined by a particular set of three

e
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dimensional angular coordinates) show a crystal phase transformation to a new phase,
both the new phase, and the initial phase, (which now has crystals at all orienta-
tions except the ones which have transformed) show preferred orientation. This can
be seen by comparing Figure 6 and Figure 7. Phase II crystals with the a-axis

close to perpendicular to the film can readily transform to phase IV (which is a
polar structure) by a chain reorientation of 180°. If this takes place in our
initially unoriented film, the phase IV will have a preferred orientation with the
a-axis close to perpendicuiar to the film surface. Moreover, the untransformed phase
IT crystals will be present in all orientations except thisone. Figure 7 shows a
decrease of intensity in the meridianal direction for the {100) reflection and an
increase in intensity for the (200) reflection. Figure 4 shows that the (100)
intensity (in the reflection mode) decreases sharply from 0.6 MV/cm to 1.6 MV/cm.

It is important to realize that the geometrical arrangement used in the reflection
scan, entails that the (100) reflection observed originates only from crystals with an
a-axis perpendicular to the film. In the same scan, the (200) reflection shows an
increase. In the transmission mode, the (100) reflection originates chiefly from
crystals with a-axis in the plane of the fiim, and it can be seen that from 0.6 MV/cm
to 1.6 MV/cm there is little change. The principal difference between phase II and
phase IV is that inphase IV the structure factor for the (100) reflection is quite
small, while for the (200) reflection, the structure factor is increased. Figure 6
shows an increase in intensity for the (200) reflection over an arc ~30° to either
side of the meridian, suggesting that phase II crystals within this angular range of
orientation with respect to the applied field transform to phase IV. Thus the phase
IV formed has preferred orientation and the phase Il remaining, also has preferred
orientation. However, since phases II and IV have all reflections in common, only

some of which differ in intensity, most of the Debye-Scherrer rings will be complete,

both phase II and phase IV crystals contributing to intensity.
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Since the response of crystallites making different angles with respect to the
applied field is likely to be different, to analyze our x-ray data we classified
crystals as belonging to one of four different groups.

(a) Phase II crystals with the molecular chains in the plane of the film and
the a-axes close to perpendicular to the film surface.

(b) Phase II crystals with the molecular chains in the plane of the film and

the b-axes close to perpendicular to the film surface.

(c) Phase II crystals with the molecular chains or c-axes close to perpendicu-
lar to the film surface.

(d) Phase II crystals with the molecular chains making some angle ¢ (45°<¢<90°)
with respect to the film surface. This classification of crystals was made with a
view to examining possible polarization mechanisms, andwas also implied by the x-ray
film and diffractometer geometry used and the reflections observed. As we have
already suggested, phase II crystals with the c-axes in the plane of the film, and
the a-axes perpendicular to the film are observed at the meridian position of Figure
6 for the (100) and (200) reflections and from the (100) and (200) reflections from
the diffractometer scan of Figure 4, Phase II crystals with c-axes in the plane of
the film and the b-axes perpendicular to the film are observed at the meridian
position of Figures 6 for the (010) reflection, and from the (010) reflection in the
diffraction scan Figure 4. Phase II crystals with the molecular chains perpendicular
to the film are observed from the (002) reflection at the meridian from Figure 6,
and from the (002) reflection in the diffraction scan of Figure 4. Phase II crystals
with the molecular chains making a large angle with respect to the perpendicular
to the film are seen from (hk%) reflections (providing 2>0) at the meridianal position
in Figure 6.

Since the electric field is applied perpendicular to the film surface, we expect
crystals making the same angle with respect to the film normal to respond identically.
Indeed, the flat film photograph taken with the incident x-ray beam perpendicular to
the film (after the sample had been poled at 3.2 MV/cm)(Figure 9) showed complete
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symmetry about the film normal. On the other hand, a given set of crystals with a
direction in common, [hkge], will all contribute intensity at the meridian for the
reflection (hk%), in an x-ray photograph taken with the incident beam parallel to
the film surface and the x-ray film perpendicular to the incident x-ray beam in the
front reflection region, as in the case of figures 6, 7, and 8. If we consider other
reflections (h'k'2') from the same set of crystals, then the Bragg angle will be
satisfied only for a small fraction. Thus, these orientation effects caused by
phase changes will usually not be observed at non-meridional locations on the Debye-
Scherrer rings. In most cases, the intensity contributed by untransformed crystals
(at the same Bragg angle since most reflections are common to phases II, III and IV)
at the non-meridional position will eclipse the effects caused by the transformed
crystals. [t was those general considerations that led to the following interpreta-
tion of the x-ray results.

(a) Phase Il crystals with a-axes perpendicular to the film:

These crystals have molecular chains in the plane of the film, and dipoles
either parallel to or opposed to the applied field.

The intensity of the (100) reflection for these crystals decreases at low
fields (0.6 MV/cm to 1.6 MV/cm) when other changes are not seen. This appears to be
caused by the II+IV transformation for these crystals, first reported for oriented
phase II films. If the a-axes are perpendicular to the film, then the oriented phase
IV crystals will be responsible for the residual polarization, giving rise to the
linear variation of eq; with poling field. A threshold poling field of ~0.6 MV/cm
appears necessary to initiate the phase transition, although of course we do not know
the internal fields. Measurement of the angular range of missing intensity of the
(100) phase II reflection suggests that crystals with a-axis inclined to the field
by an angle 6, where 8 < 30°, transform.

These crystals do not at higher fields transform to phase III, since the (111)
reflection (which does not overlap with any of the phase I, II or IV reflections)

would appear as arcs at either side of the meridian at a Bragg angle 22.5° and
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this is not observed. Moreover, these crystals do not transform to phase I, since
the intense reflections (110) and (200) would appear as arcs to either side of the
meridian and at the equator. These phase I reflections would not overlap other
reflections and if present would be seen. The (110) phase I reflections observed
following the highest poling field (3.2 MV/cm) appears centered at the meridian, and
there is no intensity at the equator.

We conclude therefore, that crystals with a-axis inclined with respect to the
field direction (8 < 30°) transform II+IV for poling fields 0.6 MV/cm to 2.4 MV/cm
but do not show further transformations to other structures at higher fields.

(b) Phase II crystals with b-axes perpendicular to the film:

These crystals have molecular chains in the plane of the film but in this
case the dipole moments are also in the plane of the fiim, making an angle of 90°
with respect to the applied field. The (020) reflection in Figure 4 and the meridian
position for the (020) reflection in Figure 7 originate from these crystals. In
Figure 7 we see only a small decrease at the meridian and in Figure 4 (which provides
a quantitative measure) we see that at fields up to 1.6 MV/cm this reflection is
essentially unchanged. If these crystals transformed without dipole rotation lI-+I,
or [I-+III or II+IV there would be no increase in the net polarizatioin. In phases
III and IV a reflection is observed at the same Bragg angle and with approximately
the same intensity as the (020) reflection for phase Il, so II-IIl or II+IV trans-
formations could not be observed from this reflection. The intensity of the (100)
reflection for phases III and IV is very small and for these crystals is observed
in Figure 5, and at the equator in Figure 7. There appears to be no decrease in
the (100) reflection at fields up to 1.6 MV/cm. However, it should be remembered
that there is a large set of crystals contributing to the intensity of the (100)
reflection at those locations (for example, crystals with the c-axis perpendicular
to the film), and contributions from the particular set under consideration here

may be relatively minor.

[
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However at higher fields (Ep > 1.6 MV/cm), the intensity of the (020) reflection
in Figure 4 and at the meridian in Figure 8 is dramatically decreased. As we have
explained, a transformation without rotation of II to III or II to IV would not give
this result and moreover would not give rise to an increased residual polarization.
A transformation of Il to I without rotation for these crystals would lead to disappearance
of the (020) reflection at the meridian in Figures 7 and 8, but again since there would be
no increase in polarization associated with this transformation for these crystals
it seems unlikely. Moreover, the decrease in the (020) intensity does not appear to
be associated with the appearance of the new reflection at 23.7° {which we attribute
to phase V) since this new reflection finally decreases at the highest fields while
the (020) intensity continues to decrease (Figures 7 and 8).

In order to achieve a change in residual polarization, a rotation of the dipole

i

moment out of the plane of the film is required. Moreover, a phase transition

to a polar phase, such as, II to III or II to IV or IT to I, must occur. A transition

to phase I at the highest fields is seen in Figure 4 and Figure 8. The orientation

of the transformed crystals, (110) planes paraillel to the surface is surprising

since the dipoles are inclined by an angle o (~30°) to the field direction. However,

as we have explained previously, if the dipoles for phase I are in the field direction, E

the (200) reflection would be seen in the diffraction scan in Figure 5, and on the *

equator in Figure 8. This was not observed. I
A possible mechanism which would explain this is suggested by Figure 15. The i

phase Il chain packing is close to hexagonal. Although the unit cell has monoclinic

symmetry, it is metrically orthorhombic and the angles between the diagonals in the

ab projection is 55°. In Figure 10, a phase II crystal with b-axis perpendicular H

to the film surface is shown. The lattice is represented as hexagonal (a = 5.02 R).

On the same lattice a suggested phase I unit cell is drawn. Although the phase I cell

is orthorhombic, the molecular packing is also close to hexagonal and in fact all the

reflections from the phase I structure can be indexed on a hexagonal lattice with
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a =4.90. We notice an interesting and special geometrical relation between the
phase II and phase I lattices. The (110) planes for the derived phase I cell are
perpendicular to the b-axis for the phase II cell, that is, the (110) planes for
phase I are parallel to the crystal surface. This is in agreement with the x-ray
data.

We suggest then that the new oriented phase I crystals are produced by a trans-
formation of phase Il crystals with the b-axis parallel to the field direction, and
a change of conformation from TGTG' to an all trans conformation with the final
phase I lattice, however, bearing the previously described geometrical relation to
the original phase II lattice.

An alternative polarization mechanism utilizing a Il to IV transition can be
postulated. This transition could be accompanied by chain rotations of 90° so that
the new phase IV crystals are oriented with dipoles parallel to the field direction.(]s)
No new reflections should be observed. The intensity of the (100) reflection associa-
ted with the new phase IV crystals would be very small and would not cause an observ-
able change. A small continuing increase in the intensity of the (200) reflection
in Figure 4 at the highest fields is observed. This mechanism would entail consider-
able re-packing motions (akin to a re-crystallization), and moreover, would not explain
the presence of the oriented phase I crystals.

(c) Phase II crystals with molecular chains (or c-axes) perpendicular to the

plane of the film:
As we have previously explained, the phase Il chain conformation has
large dipole moment components perpendicular and parallel to the chain direction,
but the net dipole moment of a phase II crystal is zero, since dipoles in neighboring
chains are opposed. Rotations about the chain axes will not lower the potential
energy with respect to the applied field for the crystals considered here, so we
would not anticipate a II-IV, II-III or II+I transformation for these crystals. In

fact, since the dipole moment component along the chain is less for some of these

phases, the effect would be an increase in energy.




The (002) reflection in the meridianal position of Figures 6, 7 and 8 and

the (002) diffraction peak in Figure 4 after poling at the highest field does show

a significant change. From Figure 8 we observe that the (002) reflection appears
broader at the meridian than at the equational position. Further more, comparison

of the x-ray scans of Figures 4 and 5 for the samples poled at the very highest

field shows a distinct difference in the (002) peak. In Figure 4 we notice that

the intensity is reduced and there appears to be two peaks separated by a Bragg angle
of a(28) ~ 0.7°. The initial (002) peak (quite broad) seems to have separated into
two smaller peaks separated by a small Bragg angle.

A II to V transformation would not give rise to a meridianal reflection for
these crystals unless it were an (002) reflection. The phase V reflection with Bragg
angle 2¢ = 23.7 does not correspond to any simple conformation change, and in any
event such a transition would give rise to a decrease in the phase II (002) reflection
at the meridian, as we observed for the II to IV transition and the {100) phase II
reflection.

A final possibility exists that the chains change their sense, from the anti-
parallel statistically packed structure suggested by Doll and Lando,(g) to a parallel
packing, (paraliel phase II or parallel phase IV) giving a net polarization in the
chain direction. The antiparallel and parallel structures are very similar for
phase II with similar molecular packing and calculated structure factors. The
antiparallel structure provides a plausible explanation for the metrically orthorhom-
bic dimensions observed. The changes in the intensities of the reflections entailed
by this transformation are small enough so that it cannot be ruled out. Such a
transition could occur, not of course by an end over end rotation, but by a series
of conformational changes. Small changes in the unit cell parameters might then occur.
If the cell angles are no longer exactly 90°, a small change in the d-spacing of
the (001) reflection might take place and be the basis for the changes observed in
the (002) reflection at the meridian. We conclude that a transition to an all-

parallel phase Il or phase IV structure with the polarity directed along the chain
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direction probably occurred at the highest poling field. This all-parallel phase
IT (or phase IV) may be the same as the proposed phase V structure (but with a
different crystal orientation) giving the meridianal reflection at 2s = 23.7 or
conceivably could be another structure, phase VI.

(d) Phase Il crystals with the molecular chains making some angle (45 < » < 90)

with respect to the film surface.

The (021) reflection begins to decrease at 2.4 MV/cm in the meridianal ~asition
in Figure 7 and in the reflection mode diffraction scan (Figure 4) and after poling
at 3.2 MV/cm has decreased substantially. This reflection originates from crystals
with the c-axis at 45° to the film normal. We assume these crystals are also under-
going a crystal transition to a polar phase. Since the behavior parallels the
behavior of the (020) reflection, a likely explanation is that a crystal transforma-
tion II to I occurs for these crystals also. The (110) reflection of the new phase
[ is not in the correct orientation for diffraction in either Figure 4 or Figures
7 and 8.

A reflection at a Bragg angle of 23.7° appears after poling at 2.4 MV/cm. As
we have already observed, since this cannot be indexed on any of the known crystal
structures it must arise from a new crystal form, which we will term phase V. After
poling at 2.4 MV/cm , it appears as the second most intense reflection of the pattern
in Figure 4 and Figure 7. Figure 7 shows the orientation of phase V very clearly as
an arc on the meridian. This reflection is not observed for biaxially oriented films
when the ¢-axis is in the plane of the film, so the new phase V crystals do not
originate from crystals with this orientation. We have already pointed out that the
changes taking place in the (002) phase II reflection at the highest poling field,
originating from crystals with the c-axis perpendicular to the film, are not
associated with the appearance of this new reflection. Thus, the new phase V crystals
must originate from crystals with molecular chains making some large angle with both
the film plane and the film normal. At the highest field, 3.2 MV/cm, this new

reflection is reduced in intensity somewhat, which suggests that at higher fields,
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these phase V crystals transform to phase I. It is this feature which enables us
to assume that the decrease in the (021) reflection is not associated directly with
the increase in phase V crystals. Since in any crystal transition we assume that
the direction of the molecular chains is unchanged, it would appear that the new
reflection is indexed (hk:) where i is not zero and either h or k is also not zero.
We assume phase ¥ must be polar. A high crystal polarity, for crystals with c-axes

inclined to the field can be achieved if the net dipole moment associated with the

chain is inclined to the chain. This is for example true both for phases II, III

and [V. It is the antiparallel packing of these structures that leads to zero dipole
moment component in the chain direction. The new structure, phase V, may be very
similar to any of these three structures except for a parallel packing of chains

instead of antiparallel.

The (111) reflection of phase II after poling at 2.4 MV/cm and 3.2 MV/cm can
be seen as a complete ring, with however, a high intensity at the meridian. If some
crystals with the (111) direction perpendicular to the film (chains 45° to the film
normal) transformed to parallel phase Il or parallel phase IV, a net increase in
remnant polarization would result. If the unit cell dimensions of parallel phase Il
or parallel phase IV are similar to phase II or phase IV cells, no marked change in
the (111) reflection would be anticipated apart from a slight broadening and a
change in intensity associated with the structure factors of the new phase.

Crystals at other orientations (chains in the plane of the film or chains near
to the perpendicular to the film) presumably transform either to phase I or phase V. |

The x-ray data for the unpoled oriented films (Figure 10) show the presence of
a small fraction of oriented phase I crystals. The x-ray data taken for the poled
oriented films (Figures 11 and 12) do not show the same structural changes as those

occurring in the unoriented films. Careful examination of Figure 11 reveals a weak

reflection arced on the meridian at the same Bragg angle as the new phase V reflection.

In addition a second stronger reflection arced at the meridian at the Bragg angle

for the Phase III (111) reflection can be observed. The observation that the phase
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V reflection is weak for the oriented poled films is consistent with our suggestion
that this reflection originates from crystals with c-axes making some large angle to
the film surface. The broadening and splitting of the (002) reflection observed

at the meridian for the unoriented films poled at the highest fields, is not

observed for the oriented films. It is interesting to note that following the

highest poling field, the ratio of the (002) phase Il intensity to the (001) phase

I intensity is greatly reduced, and it appears from Figure 12, from the (002) phase II
reflection that the phase II crystals are no Tonger oriented. This would be the

case if most of the phase II crystals with molecular chains in the plane of the film
transformed to phase [, whereas other unoriented crystals remained unchanged.

A1l the other observed changes can be integrated on the basis of the phase II

o —

to phase IV transition previously discussed.

In summary, we conclude that a number of polarization mechanisms combine for
the case of poled unoriented phase II films to give residual polarizations as high
as that observed for oriented films. These are:

(1) For crystals with a-axis within 30° of the film normal, a II to IV transi-
tion. At room temperature, the threshold poling field is 0.8 MV/cm. Presumably
this is for crystals with axes exactly perpendicular to the film, larger fields
being required for crystals inclined to the normal. ;

(2) Crystals with b-axis perpendicular to the film undergo a transition to a h
polar phase at fields above 2.4 MV/cm. We believe the new phase is phase I with a
unique lattice orientation to the initial phase II crystals. However, a mechanism
consisting of chain rotations of 90° to give a transformation to phase IV crystals !H
with a-axis perpendicular to the film surface is also possible. Tf

(3) Crystals with molecular chains at 45° to the film normal and the a-axis . !

in the plane of the film transform to phase I.

(4) Crystals with molecular chains making some angle ¢ with respect to the film
surface 45°< ¢ <90° transform to a new polar phase, phase V.

(5) The new polar phase, phase V, has a dipole component in the chain direction,

as well as a component perpendicular to the chain, and after the phase transition
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the net dipole moment is close to the field direction.
(6) Phase II crystals with molecular chains perpendicular to the film transform
to an all-parallel phase Il or phase IV structure which may be identical to the

proposed phase V structure or be a phase VI structure.

In future studies, these conclusions will be examined using complete pole
figure analysis. However, these preliminary studies were necessary since pole figure
i analysis cannot be carried out in an unambiguous way for samples containing different
crystal structures with many reflections in common. We are also poling films with
special orientations, for example, with molecular chains perpendicular to the plane

of the film, to provide cases where a unique polarization mechanism can be isolated.
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Figure Captions

i Figure 1 Piezoelectric strain coefficient @3 for poled unoriented PVF2 films
] as a function of poling field.
§ Figure 2 Comparison of piezoelectric strain coefficients e,, for oriented and
unoriented poled PVF2 films as a function of poli%& field.
Figure 3 Dielectric constant of poled unoriented PVF2 films as a function of
poling field.
Figure 4 X-ray diffraction scans (reflection mode) of poled unoriented
PVFZ films.
Figure 5 X-ray diffraction scans (transmission mode) of poled unoriented
PVF2 films.

Figure 6(a) X-ray diffraction pattern, with beam parallel to plane of unpoled
unoriented PVF2 film.

Figure 6(b) Schematic illustration showing Millerindius of important reflections.

Figure 7(a) X-ray diffraction pattern, with beam parallel to plane of poled PVF2
films. The poling field was 2.4 MV/cm.

Figure 7(b) Schematic illustration showing important reflections.

Figure 8(a) X-ray diffraction pattern, with beam parallel to plane of poled PVF2
film. The poling field was 3.2 MV/cm.

Figure 9 X-ray diffraction pattern, with beam perpendicular to plane of poled
PVF2 film. The poling field was 2.4 MV/cm.

Figure 10(a) X-ray diffraction pattern with beam parallel to plane of unpoled
oriented film.

Figure 10(b) Schematic illustration showing important reflections.

Figure 11(a) X-ray diffraction pattern with beam parallel to plane of poled oriented
film. The poling field was 2.4 MV/cm.

Figure 11(b) Schematic illustration showing important reflections.

Figure 12(a) X-ray diffraction pattern with beam parallel to plane of poled oriented
field. The poling field was 4.0 MV/cm.

Figure 12(b) Schematic illustration showing important reflections.

B

Figure 13 X-ray diffraction scans, reflection mode, for poled oriented films.

Figure 14 X-ray diffraction scan, transmission mode, for poled unoriented films.

Figure 15 Lattice distortions for the proposed II I phase transition occurring
for crystals with b-axis perpendicular to the film surface.
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